A. Gastrin activates paracrine networks leading to induction of PAI-2 via MAZ and ASC-1. Am J Physiol Gastrointest Liver Physiol 296: G414 -G423, 2009. First published December 12, 2008 doi:10.1152/ajpgi.90340.2008.-The gastric hormone gastrin regulates the expression of a variety of genes involved in control of acid secretion and also in the growth and organization of the gastric mucosa. One putative target is plasminogen activator inhibitor-2 (PAI-2), which is a component of the urokinase activator system that acts extracellularly to inhibit urokinase plasminogen activator (uPA) and intracellularly to suppress apoptosis. Previous studies have demonstrated that gastrin induces PAI-2 both in gastric epithelial cells expressing the gastrin (CCK-2) receptor and, via activation of paracrine networks, in adjacent cells that do not express the receptor. We have now sought to identify the response element(s) in the PAI-2 promoter targeted by paracrine mediators initiated by gastrin. Mutational analysis identified two putative response elements in the PAI-2 promoter that were downstream of gastrin-activated paracrine signals. One was identified as a putative MAZ site, mutation of which dramatically reduced both basal and gastrin-stimulated responses of the PAI-2 promoter by a mechanism involving PGE 2 and the small GTPase RhoA. Yeast one-hybrid screening identified the other as binding the activating signal cointegrator-1 (ASC-1) complex, which was shown to be the target of IL-8 released by gastrin. RNA interference (RNAi) knockdown of two subunits of the ASC-1 complex (p50 and p65) inhibited induction of PAI-2 expression by gastrin. The data reveal previously unsuspected transcriptional mechanisms activated as a consequence of gastrin-triggered paracrine networks and emphasize the elaborate and complex cellular control mechanisms required for a key component of tissue responses to damage and infection.
IN ADDITION TO STIMULATION of acid secretion, the gastric hormone gastrin activates mechanisms associated with tissue defense (17) . In the stomach, as in other organs, tissue responses to damage, infection, or inflammation are recognized to involve multiple cell types that interact via paracrine extracellular messenger molecules including cytokines, growth factors, prostanoids, amines, and regulatory peptides. A growing body of evidence indicates that gastrin triggers the release of many of these agents, thereby activating complex paracrine cascades (20) . Gastrin-regulated changes in gene expression have been relatively well characterized in the case of acid-control mechanisms, including for example the control of histidine decarboxylase and vesicular monoamine transporter-2 implicated in the synthesis and storage of histamine in enterochromaffin-like (ECL) cells (8, 15, 16, 25, 39) . However, much less is known of the transcriptional mechanisms activated by gastrin involving tissue growth and organization. One recently identified target gene of gastrin is plasminogen activator inhibitor 2 (PAI-2), which is expressed mainly in chief, mucus, and ECL cells in the gastric mucosa (44, 45) . It is an inhibitor of the urokinase plasminogen activator system (31, 50) , which in the stomach is also increased by Helicobacter pylori and is associated with inhibition of cell invasion and suppression of apoptosis (44, 45) .
Previous studies have demonstrated transcriptional regulation of PAI-2 by members of the CREB and AP-1 families of transcription factors following activation of PKC and MAP kinase (9, 10, 13, 14) . Using a coculture system that allows study of paracrine mediators, we have shown that gastrin increased the expression of PAI-2 both in cells expressing the relevant receptor (the gastrin-cholecystokinin, or CCK-2, receptor) and in neighboring cells that do not express the receptor but respond to paracrine signals activated by gastrin; two relevant mediators were identified, namely IL-8 and cyclooxygenase-2 (COX-2) products (44) . Similar mechanisms were shown to be activated by H. pylori (45) . The direct effects of gastrin on CCK-2 receptor-expressing cells were mediated by the small GTPase RhoA and by NF-B and involved the CRE and AP-1 response elements within the proximal 196-bp of the promoter. Disrupting the CRE and AP-1 promoter elements abolished the direct response to gastrin, but importantly the response to paracrine mediators persisted. Moreover, in contrast to direct activation, the increase in PAI-2 expression following gastrin-stimulated paracrine mediators did not require NF-B although RhoA was involved.
In the present study we sought to elucidate the mechanisms involved in increased PAI-2 expression in cells responding to gastrin-activated paracrine signals (GAPS). We report here that gastrin regulates two distinct paracrine pathways linked to separate transcriptional mechanisms within the proximal 93 bp of the promoter.
MATERIAL AND METHODS
Cells, plasmids, and reagents. AGS and AGS-GR cells were maintained as previously published (46) . A reporter construct containing 196-bp of the human PA1-2 promoter (44) was used as a template in PCR to generate a fragment containing 93 bp of the promoter in the promoterless luciferase reporter vector pXP2 (37) , referred to as PAI-2-93-luc wild-type (wt). PCR and recombinant PCR (22) were used to generate a panel of mutated constructs, referred to as PAI-2-93-luc mutants (m1-m12). Construct integrity was confirmed by dideoxy sequencing in both directions. An expression vector for constitutively active-RhoA (L63RhoA) was a gift from A. Hall (University College, London, UK). Heptadecapeptide amidated gastrin (G17) was purchased from Peninsula (St. Helens, Merseyside, UK); IL-8 and PGE 2 were obtained from Calbiochem (Nottingham, UK). All other chemicals were obtained from Sigma (Poole, Dorset, UK).
Transient transfections and luciferase assays. Experiments to study paracrine mechanisms mostly made use of coculture of AGS-G R and AGS cells. AGS-G R cells (2 ϫ 10 5 ) were plated in medium containing 10% fetal bovine serum (full medium). The following day, medium was removed and cells were cotransfected with PAI-2-luc constructs (1.0 g/well) together with a constitutively active Renilla luciferase reporter, phRL-SV40 (0.5 ng per well, Promega, Southampton, UK) by use of TransFast (Promega). In the coculture experiments, AGS cells, which lack the CCK-2 receptor, were transfected with the constructs followed by addition of AGS-G R cells after replacement of the medium as described previously (44, 45) ; 24 h following transfection, cells were incubated in serum-free medium with G17 for 8 h.
In some experiments cells were cultured in Transwell filters to separate the two cell types as previously described (45) . Luciferase activity was measured by dual luciferase assay (Promega) according to the manufacturer's instructions in a Lumat LB9507 luminometer (Berthold, Redbourne, Herts, UK). Results are presented as fold increase over unstimulated control, so the value of 1.0 signifies no change in luciferase activity.
Flow cytometry. Cells were cultured as described above, recovered in suspension by mild digestion with trypsin, suspended in 2% paraformaldehyde (37°C, 15 min), permeabilized by the addition of methanol to a final concentration of 90%, and incubated on ice (1 h). Cells were then washed twice in 5% bovine serum albumin (BSA) in PBS, incubated with mouse anti-COX-2 (Santa Cruz) or mouse anti-IL-8 antibodies (R and D Systems, Oxford, UK; 4°C overnight with gentle shaking), washed twice in 4% donkey serum in PBS, and incubated in donkey anti-mouse antibody conjugated to FITC (Jackson Immunoresearch; 22°C, 1 h with gentle shaking). Finally, cells were washed twice in 5% BSA, and FACS analysis was carried out by use of a BD FACSVantage flow cytometer. Data were recorded and analyzed by using CellQuest Pro software as described previously; changes in the abundance of COX-2 or IL-8 were measured as an increase in the mean fluorescence intensity in treated and untreated cells (35) .
Western blots. Protein was extracted from AGS cells in 2ϫ Laemmli buffer containing protease and phosphatase inhibitors (Calbiochem). Western blotting was performed as previously described (44) by using goat anti-PAI-2 (Santa Cruz Biotechnology, Santa Cruz, CA) or polyclonal rabbit anti-activating signal cointegrator-1 (ASC-1) p65 (Bethyl Laboratories) antibodies.
EMSAs. Nuclear extracts from AGS-GR or AGS cells were prepared using the Pierce NE-PER Nuclear and Cytoplasmic Extraction Kit (PerBio Science, Cramlington, UK) according the manufacturer's instructions. Complementary oligonucleotides spanning the regions Ϫ48 to Ϫ26 and Ϫ81 to Ϫ62 of the human PAI-2 promoter and containing 3-bp 5Ј overhangs were annealed, and 5-pmol doublestranded product was labeled with [␣-32 P]dATP by using Klenow enzyme as previously described (49) . Probe (10 fmol) was incubated with nuclear extract (10 g) in a final volume of 20-l binding buffer containing 10 mM Tris ⅐ HCl (pH 7.5), 50 mM NaCl, 5 mM MgCl2, 1 mM EDTA, 1 mM DTT, 10% (vol/vol) glycerol, and 1 g poly(dA ⅐ dT) as reported earlier (49) . Binding reactions were performed for 20 min at room temperature. For competition assays, double-stranded wt or mutated competitor oligonucleotides (100-fold excess) were preincubated (20 min) with nuclear extracts prior to addition of probe. For immunodepletion experiments, nuclear extracts were preincubated (20 min) on ice with antibodies to Sp1-4, AP-2, ASC-1, TFIID (Santa Cruz Biotechnology), ZBP-89 (gift from J. Merchant, Ann Arbor, MI), MAZ (gift from K. Yokoyama, Ibaraki, Japan). Samples were separated on nondenaturing 6% (wt/vol) polyacrylamide gels, which were dried and exposed overnight to a phosphor screen, before visualization on a Phosphorimager (Bio-Rad, Hemel, Hempstead, UK) and analysis with Quantity One (Bio-Rad) image-analysis software.
Chromatin immunoprecipitation assays. AGS-GR cells (1.5 ϫ 10 7 ) were plated in full medium. The following day medium was removed and the cells were stimulated for 2 h with 5 nM G17 in serum-free medium, followed by fixation for 10 min with 1% formaldehyde. The fixation solution was removed and cells were rinsed with phosphatebuffered saline (PBS) and the reaction stopped by incubation with glycine stop-fix solution (Active Motif, Rixensart, Belgium) for 5 min. Fixed cells were rinsed with PBS and then scraped from the plate in 2 ml of ice-cold PBS containing 0.5 mM phenylmethylsulfonyl fluoride (PMSF) using a rubber policeman. Cells were pelleted by centrifugation at 720 RCF for 10 min at 4°C, resuspended in 1 ml of ice-cold lysis buffer containing 0.5 mM PMSF and 5 l protease inhibitor cocktail (PIC, Active Motif) and dounced on ice for 15 strokes with a glass homogenizer (Anachem, Luton, UK). Nuclei were pelleted at 2400 RCF for 10 min at 4°C and resuspended in 350 l of digestion buffer, and the chromatin was sheared to fragments of ϳ200 -1,500 bp by incubation for 10 min at 37°C in 10 U/ml enzymatic shearing cocktail (Active Motif). Sheared chromatin was precipitated by incubation for 4 h at 4°C with protein G magnetic beads (Active Motif) and 2 g antibody against either ASC-1 or MAZ, according to the manufacturer's protocol. To take account of nonspecific binding of chromatin to the beads, parallel reactions were performed that contained 2 g of nonimmune human IgG. Beads were washed by using a magnetic stand and chromatin was eluted according to the manufacturer's protocol. Cross links were reversed by addition of NaCl to 0.1 M and incubation at 95°C for 15 min; protein was removed by incubation with 10 g/ml proteinase K for 1 h at 37°C, and the reaction was stopped by addition of 20 l/ml proteinase K stop solution (Active Motif). PCR was performed on DNA coimmunoprecipitated by antibodies to ASC-1, MAZ, and negative control IgG, as well as input DNA that did not undergo chromatin immunoprecipitation (ChIP) but that was reverse cross-linked and treated with proteinase K. One set of positive control primers (forward, 5Ј-GATCAAAAGACAGAGGGAGAAAAAAA; reverse, 5Ј-TGTTCT-CTGGTTATTCTCTGAGTTGCT) generated a 143-bp amplicon that corresponded to bases Ϫ80 to ϩ63 of the PAI-2 gene. A second set of positive primers (forward, 5Ј-CCCCCAAAATTTCTTAAACCA; reverse, 5Ј-TCTCTGAGTTGCTGTCTGACG) generated a 223-bp amplicon corresponding to bases Ϫ174 to ϩ 49 of PAI-2. Both positive control amplicons encompass the putative ASC-1 and MAZ binding sites in the PAI-2 proximal promoter. A negative control set of primers (forward 5Ј-GCAGGCACCCTTTACCATAA; reverse, 5Ј-GGGAGGACAGAAGGAAAACC) amplified a 186-bp fragment corresponding to bases Ϫ1589 to Ϫ1412 of the human VMAT2 promoter. This region does not contain putative MAZ or ASC-1 binding sites. PCR products were separated on 2% agarose gels.
Knockdown of ASC-1 by siRNA and immunocytochemistry. Transfection of small interfering RNA (siRNA) for both p50 (ASCC1, Ambion, Huntingdon, UK) and p65 (TRIP4, Ambion) ASC-1 subunits was performed on cells together with the PAI-2 and Renilla luciferase vectors in suspension by use of Amaxa Nucleofection Apparatus (Amaxa, Koln, Germany), solution V, program B023, according the manufacturer's instruction. To validate siRNA transfection efficiency, transfected AGS cells were immunostained with polyclonal rabbit (Bethyl Laboratories) ASC-1 p65 antibody with the appropriate FITC-conjugated secondary antibody, raised in donkey (Jackson Immunoresearch, Soham, UK), by using Vectashield mounting medium with DAPI (Vector Laboratories, Peterborough, UK) to counterstain nuclei. Slides were examined with a Zeiss Axioplan-2 microscope (Zeiss Vision, Welwyn Garden City, UK), and images were captured with a JVC-3 charge-coupled device camera and KS300 software combined with a deconvolution software (Imaging Associates, Bicester, UK) as previously described (51) .
Yeast one-hybrid screening. Yeast one-hybrid screening was performed according to the manufacturer's instructions (BD Matchmaker one-hybrid library construction and screening kit). Briefly, doublestranded (ds) oligonucleotide comprising three tandem repeats of the gastrin response element (corresponding to bases Ϫ78 to Ϫ63 of the human PAI-2 promoter) was cloned into the target reporter vector pHis2 at EcoRI and MluI restriction sites, and integrity was confirmed by DNA sequencing. To ablate background histidine leakiness of the pHIS2 vector, the target reporter constructs were transformed into yeast strain Y187, plated on SD/-His/-Trp plates with increasing (10 to 60 mM) concentrations of 3-amino-1,2,4-triazole (3-AT), and incubated at 30°C for 1 wk. Total RNA was extracted from AGS-GR cells by use of Tri-Reagent (Sigma), and ds cDNA was prepared by using BD SMART technology (Clontech). The ds cDNA was purified by using a BD CHROMA SPIN TE-400 column (Clontech) and its size distribution was analyzed on a 1.2% agarose gel. The GAL4 AD fusion library was constructed by transforming Y187 with the pHIS2 target vector, SmaI-linearized pGADT7-Rec2 and the ds cDNA in a single step by using the BDMatchmaker library construction and screening kit protocol (Clontech). To select for one-hybrid interactions, transformants were plated on SD/-His/-Leu/-Trp agar plates with 45 mM 3-AT and incubated for 1 wk at 30°C, and positive colonies were replated onto SD/-His/-Leu/-Trp agar plates with 60 mM 3-AT for a further week at 30°C. To select colonies with an integrated library cDNA insert, yeast colony PCR was performed by using the BD Matchmaker AD LD-Insert Screening Amplimer Set and BD Advantage 2 PCR Polymerase Mix. The pGADT7-Rec2 vector was rescued from positive Y187 colonies by standard methods, transformed into Alpha-select Silver efficiency Escherichia coli competent cells (Bioline), and plated on Luria broth/ampicillin. Plasmids were isolated from E. coli using the Genelute plasmid miniprep kit (Sigma) and analyzed by DNA sequencing with a T7 sequencing primer.
Statistics. Results are presented as means Ϯ SE; comparisons were made by ANOVA or Student's t-tests as appropriate and were considered significant at P Ͻ 0.05.
RESULTS

A 93-bp sequence of the PAI-2 promoter is sufficient for responses to gastrin-activated paracrine signals.
Initial experiments were directed at examining the activity of luciferase reporter constructs that either included (196 bp) or excluded (93 bp) the CRE and AP-1 sites previously implicated in the response to gastrin. Basal activity of the 93-bp construct was 62.4 Ϯ 4.8% that of the 196-bp construct. When these constructs were expressed in cells with the CCK-2 receptor, there was a reduction of gastrin-stimulated activity in the 93-bp compared with the 196-bp construct (Fig. 1A) , corresponding to loss of CRE and AP-1 sites. Importantly, however, an experimental protocol focusing on paracrine signaling responses in which cells not expressing the CCK-2 receptor were transfected with luciferase reporters and then cocultured with CCK-2 expressing cells showed that the responses of the 93-bp construct to GAPS were fully preserved compared with the 196-bp construct (Fig. 1B) . Moreover, the response of the 93-bp promoter was identical in assays measuring the paracrine response compared with cells expressing the CCK-2 receptor (Fig. 1, A and B) . The basal expression of PAI-2-luc reporters was similar when transfected into AGS cells and AGS-G R cells (not shown). To exclude possible effects due to direct intracellular communication between cocultured cells we previously showed paracrine stimulation of a 2.3 kb PAI-2-luc reporter using a Transwell culture system (45) . Using the same approach in the present study, we found that gastrin stimulation of 93 bp-PAI-2-luc was 3.3 Ϯ 1.1-fold higher than basal in cocultured cells compared with 3.2 Ϯ 0.9-fold higher with use of Transwells (n ϭ 3). The data therefore indicate that paracrine rather intracellular communication mediates responses to gastrin and that a 93-bp promoter sequence is sufficient for responses to GAPS.
Mutational analysis of the human 93-bp PAI-2 promoter identified two gastrin responsive elements. We then examined the effect of block mutations on basal activity within the 93-bp promoter region (Fig. 2A) . Mutations within a putative MAZ site (m10-11) had a dramatic effect on basal luciferase activity (Fig. 2B ) and exhibited reduced responsiveness to gastrin when set against the relevant control (wt, 2.7 Ϯ 0.2; m10, 1.3 Ϯ 0.2; m11, 1.4 Ϯ 0.3 and Fig. 2C ). An additional mutant (m5) in which the
Ϫ72
GACAGA
Ϫ67 sequence was disrupted also reduced responses to gastrin by ϳ50% (Fig. 2C) . In both cases the residual responses to G17 were significantly different (P Ͻ 0.05) from control.
Previous studies suggested that PGE 2 and IL-8 were putative GAPS (44); consistent with this, we showed that gastrin increased COX-2 and IL-8 in cells expressing the gastrin receptor (Fig. 3A) . Moreover, PGE 2 and IL-8 increased endogenous PAI-2 protein when added to AGS cells (Fig. 3B) . We then examined the action of these on cells transfected either with the wt or the m5 and m10-11 mutated 93-bp constructs. Both IL-8 and PGE 2 stimulated the wt PAI-2-93-luc promoter but there was no evidence of synergistic interaction (Fig. 3C) . in contrast, when the 93-bp construct was transfected into cells not expressing CCK-2 receptors, but cocultured with cells expressing this receptor, the response to G17 (attributable to the action of paracrine mediators) was similar for both constructs and was comparable to the response to the 93-bp construct according to the protocol illustrated in A. Schematic cartoons underneath A and B illustrate the experimental design in each case (see Fig. 7 for a summary of the relevant signaling pathways). Note that in A, AGS cells not expressing the CCK-2 receptor and not transfected with PAI-2-luc vectors are included to ensure that total cell numbers were the same in the 2 conditions; in these circumstances PAI-2-luc responses are expected to reflect either direct effects of gastrin or effects consequent on activation of autocrine signaling pathways.
The response to IL-8 was reduced but not abolished in the m5 mutant but not mutants disrupting the putative MAZ site. Conversely, the MAZ mutants abolished the response to PGE 2 whereas the m5 mutant was not significantly different from control (Fig. 3D) . The data therefore indicate that gastrintriggered prostaglandin and IL-8 release each act on PAI-2 expression through distinct promoter sequences in the 93-bp proximal region of the PAI-2 promoter.
Previous work has shown that the small GTPase RhoA partially mediates the effect of gastrin on PAI-2 expression by actions both on AP-1 sites and also indirectly by stimulating the expression of COX-2 responsible for the production of PGE 2 (44, 45) . We therefore examined the effects of a constitutively active RhoA plasmid (L63RhoA) on the m5 and m10-11 constructs. Cotransfection studies showed that RhoA stimulated both 196-and 93-bp luciferase although the latter response was reduced (Fig. 3E) . Mutation of the putative MAZ site reduced responses to RhoA by ϳ50%, but the residual responses were still significantly different (P Ͻ 0.05) from control whereas disruption of the sequence Ϫ72 to Ϫ67 (m5) had only a modest and not statistically significant effect on responses to RhoA, consistent with the idea that RhoA acts primarily on the pathway that links gastrin to the putative MAZ site via prostanoids (Fig. 3F) .
Identification of MAZ as a binding protein for the PAI-2 promoter.
To identify putative DNA binding proteins in nuclear extracts of AGS cells, we used EMSAs with probes containing the sequences of the putative GAPS response elements. In nuclear extracts of unstimulated cells we identified two complexes that exhibited specific binding to a probe covering the sequence Ϫ48 to Ϫ26, which includes the putative MAZ site. Competition experiments using wt sequences and three mutations spanning the putative MAZ site within this probe supported the hypothesis that the MAZ site was required for binding (Fig. 4A) . Moreover, in immunoneutralization assays using antibody to MAZ there was depletion of both bands (Fig. 4B ) whereas a variety of antibodies directed toward other transcription factors including ZBP89, SP1-SP4, TFIID, AP2␣, AP2␤, or AP2␥ showed no effect (Fig. 4B) . There was no change in the intensities of the two bands following stimulation with gastrin for up to 8 h (data not shown). To demonstrate binding of MAZ to the endogenous PAI-2 promoter, we performed ChIP assays. Positive control primers amplified a 143-bp product from DNA immunoprecipitated with a MAZ antibody, but not with control IgG. Moreover, the positive control primers amplified the target in the MAZ sample more strongly relative to the input DNA than did the negative control primer set (Fig. 4C) . A: flow cytometric analysis shows that gastrin increased COX-2 and IL-8 in AGS cells expressing the CCK-2 receptor. B: Western blot shows that the abundance of wt PAI-2 protein is increased in AGS cells treated with PGE2 and IL-8. C: PGE2 (28 M, 6 h) and IL-8 (125 ng/ml, 6 h) stimulated expression of wt PAI-2-93-luc. D: responses to PGE-2 are significantly reduced in m10 and m11 but not m5, whereas the response to IL-8 is reduced in m5 but not in m10 and m11. E: cotransfection of AGS cells with L63RhoA (0.5 g/well) stimulates PAI-2-93-luc to a lesser extent than PAI-2-196 (*P Ͻ 0.05, t-test, n ϭ 3). F: responses to L63RhoA of PAI-2-93-luc were significantly reduced by mutations of the MAZ site (m10-11) but not of the GACAGA site (m5). *P Ͻ 0.05, ANOVA; n ϭ 3.
Yeast one-hybrid screening identifies ASC-1 as previously unknown target of gastrin. Using a probe spanning the putative GACAGA (Ϫ72 to Ϫ67) site, we identified a single major binding complex (Fig. 5A) , which on the basis of competition experiments was specific for this site. The intensity of the band increased on stimulation by gastrin for up to 4 h (Fig. 5B) . In keeping with the data from luciferase assays, IL-8 ( Fig. 5D ) but not PGE 2 (Fig. 5E ) also increased the intensity of this band.
To identify the nuclear factor binding the GAPS response element and mediating IL-8 signaling in the PAI-2 promoter, we screened an AGS cell cDNA library by using three tandem copies of the region that spans bases Ϫ78 to Ϫ63 of the promoter as bait. Sequence analysis of the positive pGADT7-Rec2-containing clones that also showed growth with high levels (45 mM) of 3-AT on SD/-His/-Leu/-Trp dropout plates indicated that one contained the in-frame 3Ј sequence of the human activating signal cointegrator-1 complex-p50 subunit (ASCC1) cDNA. Further positive clones contained partial open reading frames for gastric cancer antigen Zg14 and ADP-ribosylation factor-like 3 (ARL3). We focused on ASCC1 since the ASC-1 complex is a well-known DNA-dependent transcriptional regulator and has already been shown to be expressed in human gastric gland cells (33) . The ASC-1 complex contains multiple proteins, including p65, that are believed to be important for the DNA binding affinity of the complex. In immunoneutralization assays using an antibody against ASC-1 we showed depletion of the intensity of the gastrin-sensitive band using a probe spanning the Ϫ59 to Ϫ81 sequence of the promoter (Fig. 5F ). To demonstrate binding of components of the ASC-1 complex to the endogenous PAI-2 promoter we performed ChIP assays. Positive control primers amplified a 143-bp product from DNA immunoprecipitated with an ASC-1 antibody, but only weakly with control IgG. Additionally, the positive control primers amplified the target in the ASC-1-precipitated sample much more strongly relative to the input DNA than did the negative control primer set (Fig. 5C) . Similar results were obtained by using positive control primers that produced a 223-bp amplicon encompassing the putative ASC-1 binding site (not shown). To further test the hypothesis that GAPS act through the ASC-1 complex, we transfected siRNA against both the p50 and the p65 subunits of the ASC-1 complex together with either the wt or m5 mutants of the PAI-2 promoter. The efficacy of the RNA interference (RNAi) treatment was established by immunocytochemical analysis, which showed reduced protein expression in the p65 silenced cells after gastrin stimulation (scrambled control, 71.4.0 Ϯ 14.3%; ASC siRNA, 19.2 Ϯ 2.5% cells positive for p65). RNAi using two different sequences (identified as p65/1 and p65/2 in Fig. 6A ) both significantly reduced the action of gastrin in stimulating the wt promoter; however, in the case of the m5 mutant the response to gastrin was reduced compared with the wt sequence (consistent with the observations described above) and was not significantly changed after siRNA treatment with either p65/1 or p65/2 (Fig. 6A) . Similarly, using two different siRNAs for p50 (identified as p50/1 and p50/2 in Fig. 6B) , we found significantly reduced responses to gastrin of the wt 93-bp PAI-luc compared with control, whereas with the m5 mutant the response to gastrin was not significantly altered by siRNA treatment with either p50/1 or p50/2 (Fig. 6B) . In case of both p65 and p50 siRNA, the residual responses to G17 were nevertheless still significantly greater than control (P Ͻ 0.05). The efficacy of the siRNA treatment was demonstrated by Western blot, which showed substantial depletion of ASC-1 protein in siRNA-treated cells compared with control (Fig. 6C) .
DISCUSSION
The main findings of the present study are that gastrin stimulates PAI-2 expression in cells that do not express the CCK-2 receptor via paracrine mechanisms directed at both a MAZ cis-regulatory element that is downstream of prostaglandin stimulation and a previously unrecognized gastrin response element within the 93-bp of the PAI-2 promoter that binds the p50 subunit of ASC-1 and is downstream of IL-8. Although it is well recognized that gastrin activates paracrine mechanisms in the gastric mucosa (17, 20) , little has been done until now to distinguish between transcriptional responses that are a consequence of direct effects (i.e., on cells expressing the CCK-2 receptor) and those that are a consequence of activation of paracrine-signaling networks. Plasminogen activator inhibitor-2 is a good model for study of the relevant mechanisms since it is induced by gastrin both in cells expressing the CCK-2 receptor, e.g., ECL cells, and in adjacent cells that do not express the receptor, e.g., mucus cells (44, 45) . The biological consequences of gastrin-stimulation of PAI-2 are inhibition of apoptosis and suppression of uPA activity, thereby limiting thrombolysis, which suggests that PAI-2 is a component of the system by which gastrin promotes mucosal protection.
In studies of transcriptional responses to hormones, growth factors, cytokines, and other regulatory factors, it is often convenient to assume that regulated gene expression is an exclusive property of cells expressing the relevant receptor. But in mixed cell populations it is also clear that activation of one receptor may induce a paracrine cascade, allowing other cells to respond and providing the capacity for both amplification of the response and integration with other signaling pathways. In the case of many G protein-coupled receptors, particularly those that act via G␣ q/11 , liberation of EGF receptor ligands appears to be a common mechanism for activation of a paracrine signaling cascade (38, 40) , and it is clear that gastrin also acts by liberation of EGF-R ligands such as heparin-binding EGF in several different systems (46, 48) . Induction of COX-2 and liberation of PGE 2 is also now recognized as an important component of the response to a variety of hormones (including gastrin), cytokines, and other paracrine mediators (47) . In addition to both liberation of EGF receptor ligands, and activation of COX-2, it is well established that gastrin exerts effects via release of histamine (21); although less intensively explored, there is also evidence for gastrin stimulation of IL-8 (23) and FGF (35) . We have sought to develop experimental systems that allow the separate study of transcriptional responses secondary to paracrine mechanisms. In particular we have studied responses of luciferase reporter constructs transfected into either AGS cell clones that express the CCK-2 receptor or those that do not but are cocultured with CCK-2-expressing cells (44) . The response of the former can be considered the total response: i.e., the sum of both direct intracellular signaling pathway and of paracrine activated pathways; the response of the latter is attributable solely to paracrine pathways. The direct intracellular response includes roles for PKC, Ras, Raf, MAPKase, RhoA, NF-B, CREB, and AP-1, whereas the paracrine pathway includes roles for RhoA and, as we now show, MAZ and ASC-1 (Fig. 7) .
Gastrin stimulation of COX-2 in cells expressing the CCK-2 receptor has been reported by many groups (3, 41, 43) . There is evidence that induction of COX-2 by gastrin in vivo is relevant to cytoprotection and ulcer healing (7, 30) . However, specific changes in gene expression in response to gastrin that are dependent on this pathway are unclear and more needs to be done to characterize the relevant downstream receptors and signaling pathways. Nevertheless, the present data identify MAZ-mediated PAI-2 expression as one such target. The MAZ site in PAI-2 appears important for basal expression, but there is also a proportionate reduction in the response to gastrin. Interestingly, a previous study implicated MAZ as a mediator of gastrin-stimulated trefoil factor (TFF)-1 expression in AGS cells (28) . Moreover like PAI-2, TFF-1 is thought to be important in host defense. Earlier studies of MAZ (Mycassociated zinc finger protein, also known as ZF87 or Pur-1) have established that it is widely distributed and its targets include control of insulin expression (6, 27) . We suggest that it is now timely to consider its role in the specific context of control of expression of genes involved in gastric cytoprotection.
The stimulation of IL-8 by gastrin has now been reported by several groups (23, 42, 44) . The role of IL-8 in H. pylori gastritis, particularly as a neutrophil chemoattractant has been well documented (11) . Moreover, previous studies have shown expression of IL-8 receptors on AGS cells, i.e., CXCR1 and CXCR2 (5) . Even so, the role of IL-8 as a downstream mediator of the effects of gastrin has been largely neglected. Our previous work established increased expression of PAI-2 in response to both H. pylori and gastrin compatible with a convergence of actions on this gene (45) . The present observations now identify the ASC-1 complex as a potential mediator in this pathway. Previous work has shown ASC-1 to be important for activation of transcription in several systems and to consist of four subunits: p50, p200, p100, and the central subunit p65 (26) . Disruption of this complex interferes with its DNA binding and results in loss of function (33) . The p65 subunit was previously identified as thyroid receptor interacting protein 4 (TRIP4) (32) and was shown to be a novel transcriptional coactivating molecule for nuclear receptors (29) . Silencing at least two subunits of ASC-1, p50 and p65, inhibited gastrin-stimulated PAI-2 expression, indicating that ASC-1 acts as a transcription activator complex to regulate transcription.
In recent years it has become evident that the mucosal microenvironment plays an important role in regulating epithelial function. Interactions between different epithelial cells and between epithelial and mesenchymal cells mediated by paracrine factors are key determinants of normal mucosal organization in development, in wound healing, and in the progression to cancer that occurs with prolonged inflammation and H. pylori infection. In view of the hostile nature of the gastric environment it is not surprising that multiple defense mechanisms have evolved that allow the tissue to respond to infection and damage by minimizing acid-peptic autodigestion and ulcer formation. The induction of PAI-2 is thought to be one component of this response (17) . In very many other tissues induction of PAI-2 is also thought to be a response to damage, infection, or inflammation (4, 12, 52) . In addition, PAI-2 expression has been linked to cancer (1, 2), and it seems possible that whereas acute induction is protective, long-term upregulation is potentially a contributory factor in tumorigenesis. For these reasons an understanding of the multiple mechanisms by which PAI-2 expression is controlled are likely to be of relevance in many different circumstances.
Together the data indicate how complex interacting extracellular signals can control the transcriptional responses of a single gene and how different regulatory elements within the promoter can be linked to different signaling pathways. Particularly in the case of genes that are induced in multiple cell types within a given tissue, we suggest that careful consideration should always be given to the need to examine paracrine pathways downstream of a single extracellular mediator. At the level of signaling pathways, much remains to be done to understand how the various regulatory mechanisms interact; for example, the mechanisms controlling the abundance and posttranslational modifications to MAZ and ASC-1 in this system remain unknown. More specifically, in the context of PAI-2 regulation we would suggest that the multiple pathways shown to determine expression in gastric epithelial cells indicate that there are many opportunities for integration of different inputs in varying physiological and pathological circumstances between different cell populations in the gastric mucosa.
